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Introduction. 

According  to  tbe  Bohr  Theory  the  hydrogen  atom  consists  of  an  electron 
in  circular  or  elliptical  motion  about  a  positively  charged  nucleus.  The  steady 
states  are  defined  by  discrete  values  of  the  angular  momentum  and,  in  the 
case  of  elliptical  motion,  the  eccentricities  of  the  ellipses  are  limited  to  certain 
definite  values.  Sommerfeld,  by  an  extension  of  Bohr's  theory  involving 
quantising  both  angular  and  radial  momenta,  has  established  the  formula 


_  27r2mE%2 


L(ri  +  T'2)2      (Ti  +  %YA 


for  the  spectral  series  emitted  by  a  system  consisting  of  a  nucleus  with  charge 
-f-  E  and  an  electron  with  charge  —  e.  This  is  the  familiar  formula  in  which 
terms  are  included  corresponding  to  elliptical  as  well  as  to  circular  motion  for 
the  revolving  electron. 

By  the  theory  of  relativity  it  can  be  shown  that  the  mass  of  an  electron 
in  the  elliptical  orbit  is  not  the  same  as  its  mass  in  the  circular  orbit,  but  that 

it  depends  on  the  velocity  v,  thus  m  =  m^  (\/l  —  ^^)~^-,  where  ^  =  -  and  m^ 

is  the  mass  of  the  slow-moving  electron.  From  a  mathematical  standpoint 
for  a  slow-moving  electron  we  may  coasider  the  path  as  an  ellipse  with  slowly 
moving  perihelion.  Applying  this  relativity  correction,  the  above  formula 
becomes 


y  =  NZ2 


L(T'i  +  r^Y  "*"  (T'l  +  T'a)*  \*  ~^  T V"^ 


(Ti-f  T2)2      (Ti  +  T2)«\''^Ti/ 


where  ^  _27fm^  2^^ 

A3      '         "^        he   ' 

and  Z  =  Atomic  Number, 
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For  hvdrogen  we  nuiy  put  E  ^  -  r.  'J'hc  Balmcr  series  involves  a  two-quantum 
orbit  for  the  final  state,  jind  thus  if  wo  put  T'l  +  T'2  =  2  the  formula  becomes 

2  4  1    ^ 

where  N' -  Nh  _i  +  ^(  I  + -2)+ ...    • 

Using  this  equatiDn,  Sonuiierfold*  lias  shown  that  each  member  of  the  doublet 
H^  should  consUt  of  a  close  trii)lct,  each  member  of  H^  of  a  close  quartette, 
each  member  of  H^  of  a  close  quintette,  etc.  He  has  also  pointed  out  that  for 
the  two-quantum  orbit,  i.e.,  T'j  +  T'2  =  2,  there  are  two  possibiUties,  either 
T',  =  1  and  T'g  =  1,  or  T'l  =  2  and  T'2  =  0.  The  value  T'j  -  0  is  barred, 
as  it  results  in  a  linear  motion  through  the  nucleus.  Thus  the  frequency 
for  an  electron  falling  into  the  circular  orbit  may  be  expressed  as  follows  : — 

and  for  one  falling  into  the  elliptical  orbit 

--'(i-^)-<tCt^-i)-^•.•■ 

The  frequency  difference  dy  of  the  doublets  of  the  Balmer  series  is  thus 
shown  to  be  constant,  and  given  by 

^y  =  i^NH  =  0-365  cm. '1. 

It  has  been  shown  that  in  the  case  of  H^  H^  and  Hy  the  calculated  distribu- 
tion and  intensities  of  the  fine  structural  components  are  such  that  in  actual 
determinations  of  the  doublet  separations,  values  somewhat  less  thanO  •  365  cm."^ 
should  be  obtained.  Thus  in  proceeding  from  H„  to  the  higher  members  of 
the  series,  it  would  be  expected,  on  the  basis  of  the  theory,  to  obtain  for  the 
doublet  separation  values  slightly  less  for  H^,  but  rapidly  increasing  to 
0-365  cm."^  for  H5  and  remaining  constant  for  the  higher  members  of  the 
series. 

Owing  to  the  small  mass  of  the  hydrogen  atom,  a  direct  proof  of  Sommerfeld's 
theory  by  observation  of  the  hydrogen  lines  is  a  somewhat  difficult  undertaking. 
As  Foote  and  Mohlerf  have  pointed  out,  the  entire  fine  structure  of  the  H„ 

*  Sommerfeld,  '  Atombau  und  Spektrallinien, '  p.  344. 
t  Foote  and  Mohler,  '  The  Origin  of  Spectra,'  p.  27. 
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line,  as  given  by  Sommerfeld,  would  cover  a  spectral  range  of  only  0  •  2  A.U. 
The  width  of  a  spectral  line,  assuming  it  to  be  accounted  for  wholly  by  the 
Doppler-Fizeau  effect,  may  be  shown*  to  be 


A  =  0-86 .  io-«;Vt/m 

where  M  is  the  molecular  weight  and  T  the  absolute  temperature  of  the  radiating 
gas.  Since  M  =  1  for  hydrogen,  it  is, readily  apparent  that  the  Doppler  effect 
vdW  be  quite  pronounced  and  tend  to  mask  any  phenomena  due  to  the  fine 
structure.  Even  with  the  discharge  tube  immersed  in  Uquid  air,  it  can  be 
shown  that  the  theoretical  width  of  each  component  of  H^  should  be  0-051  A. 
Mertonf  has  drawn  attention  to  the  effect  of  an  electric  field  on  the  radiating 
particle,  either  imposed  by  the  electrodes  of  the  tube  or  the  field  due  to  the 
neighbouring  atoms,  as  suggested  by  Stark.  J  Owing  to  these  difficulties,  the 
Sommerfeld  theory  has  not  as  yet  been  confirmed  by  a  direct  observation  of 
the  fine  structure  of  the  hydrogen  lines. 

The  hehum  atom,  however,  is  four  times  as  heavy  as  that  of  hydrogen, 
while  the  nuclear  discharge  is  double  ;  so  in  consequence  the  separation  of  the 
doublets  should  be,  according  to  the  theory,  16  times  as  great.  Paschen,§ 
by  studying  the  spectrum  of  the  ionised  helium  atom,  found  a  good  agreement 
between  observation  and  theory.  In  applying  these  results  to  hydrogen 
he  deduced  that  the  separation  for  the  hydrogen  doublets  should  be  given  by 
dy  —  0-365  ±  0-0045  cm.-^,  exactly  as  Sommerfeld  had  predicted  theoretically. 

However,  the  main  criticism  of  Sommerfeld's  theory  has  not  been  that 
Paschen  failed  to  find  the  lines  exactly  as  predicted  for  the  univalent  helium 
atom,  nor  that  all  investigators  have  failed  in  their  attempts  to  observe  the 
fine  structure  of  the  hydrogen  lines,  but  rather  that  there  has  been  no  agree- 
ment between  the  observed  values  of  the  doublet  separation  of  the  Balmer 
series  and  the  constant  value  deduced  theoretically  by  Sommerfeld.  However, 
it  should  be  noted  here  that  the  agreement  among  the  observed  values  them- 
selves is  not  better  than  the  agreement  between  the  observed  and  theoretical 
values. 


*  Nagaoka,  '  Pioc.  Math.  Phys.  .'Soc.,  Tokyo,'  pp.  237-43  (1915) ;  Lord  Rayleigh,  '  Phil. 
Mag.,'  vol.  2,  p.  274  (1915). 

t  Merton,  'Roy.  Soc.  Proc.,'  A,  vol.  92,  p.  322  (1915). 

%  Stark,  '  Elektrisclie  Spektralaiialyse  Chemischer  Atome  '  (1914). 

§  Paschen,  '  Ann.  der  Phys.,"  vol.  1,  p.  933  (1916). 
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Some  oi  mo  cxpcruueuuil  values  are  as  follows  : — 
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(P  v;.  J...is«,n  and  Morloy.  'Phil.  Map.,'  vol.  24,  p.  46  (18S7). 
C  :.  •  Wiccl.  Ann.  (X.P.V  vol.  43,  p.  800  (1801). 

(3)  Miohelson.    '  Hur.    Int.    dos    Poids   et    Mesurcs,'    vol.    1 1,  }).  1.J9  (1895). 

(4)  Houstoun.  •  I'iiil.  Mag.,'  vol.  7,  p.  456  (1904). 

(5)  Fabry  and  Biiisson,  'C.R./  vol.  154,  p.  1501  (1012). 

(T'  \'  ••on  and  Nk-holson,  '  Roy.  Soc.  Proc.,'  A,  vol.  93,  p.  28  (1917). 
(<  -inT,  fire  IVsclu-u,  '  Ann  dvr  Phys.,'  vol.  50,  p.  033  (1916). 

(8)  Mertou,  '  Roy.  Soc.  Proc.,'  A,  vol.  97,  p.  307  (1920). 

(9)  McLeiman  and  Lowe,  '  Roy.  Soc.  Proc.,'  A,  vol.  100. 

(10)  Gehrt-ke  and  Lau,  '  Phys.  Zeit.,'  vol.  21,  p.  634  (1920). 

(11)  Ocdde.s  •  Roy.  Soc.  Proc.,'  Edinburgh,  vol.  xliii,  p.  37  (1922). 

(12)  Oldenbeig,  'Ann.  der  Phys.,'  vol.  67,  p.  253  (1922). 
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*  Wood,  '  Pliil.  Mag.,'  p.  538,  Sept.,  1922. 
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On  the  whole,  it  mil  be  seen  that  the  values  obtained  are  somewhat  less  than 
those  demanded  by  the  theory.  In  the  case  of  some  of  the  observations,  the 
values  indicate  a  steady  decrease  for  the  frequency  differences  as  one  passes 
to  the  higher  members  of  the  series.  Tliis  would  indicate  that  the  Balmer 
series  should  be  classified  as  a  principal  rather  than  a  subordinate,  series. 

This  lack  of  agreement  among  the  results  of  different  observers  has  brought 
out  much  theoretical  speculation,  and  many  very  refined  experimental  methods 
have  been  developed  in  the  search  for  evidence  that  would  lead  to  a  confirma- 
tion or  rejection  of  the  Sommerfeld  theory.  Stark*  says  that,  according  to  the 
best  experimental  values  both  in  hydrogen  and  helium,  the  Sommerfeld  theory 
of  the  fine  structure  of  the  series  lines  will  not  satisfy  the  experimental  results. 
He  adds  that,  since  the  theory  is  based  upon  the  Bohr  quantum  theory  of  the 
emission  of  spectral  lines,  together  with  an  extension  due  to  the  special  theory 
of  relativity,  and  since  the  latter  can  be  verified  by  many  independent  methods, 
therefore  the  former  theory  must  be  false. 

It  is  evident  that  much  of  the  variation  in  the  results  must  be  attributed 
to  the  difficulty  in  measuring  the  separation  of  the  wide  and  more  or  less  diffuse 
components  of  the  doublets.  Further,  both  Merton  and  Gehrcke  and  Lauf 
have  shown  that  it  is  possible  to  get  various  values  for  the  separation  depending 
upon  the  conditions  under  which  the  tube  is  excited.  From  this  evidence 
it  is  not  unreasonable  to  expect  that  the  lines  may  be  complex,  consisting 
perhaps  of  three  or  more  components,  and  quite  in  harmony  with  Sommerfeld's 
theoretical  deductions. 

Tlie  author,  under  very  favourable  conditions,  has  succeeded  in  photographing 
the  doublet  separations  for  the  first  five  members  of  the  Balmer  series.  In 
this  work  an  arrangement  was  perfected  whereby,  when  liquid  air  was  used 
to  reduce  the  Doppler  effect,  only  light  from  the  cooled  section  of  the  tube 
was  allowed  to  fall  upon  the  interference  spectrograph.  By  this  means  very 
sharp  photographs  were  obtained,  and  from  these  it  was  found  possible  to 
make  a  very  precise  determination  of  the  doublet  separation.  It  will  suffice 
to  state  here  that  these  results  show  that  the  doublet  separation  is  not  only 
constant  but  has  a  value  almost  in  exact  agreement  witli  the  theory  of 
Sommerfeld. 


*  Stark,  '  Jahrbuch  der  Radioaktivitat  und  Elektronik,'    vol.  17  (1920). 
I  Loc.  cit. 
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Apparatus. 

The  (lisoharge  tube  {.tec  P'i<r.  1)  was  made  from  clear  fused  quartz,  and  was 
Mtniewlmt  .siuiihir  to  that  used  by  Wood*  in  photograpliing  the  l\igber  members 
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Fig.  1. 


of  tlie  Balmer  series.  The  central  part  of  the  tube  consisted  of  a  tube  of 
quartz  1  -2  cm.  in  diameter  and  50  cm.  long.  A  quartz  window  was  sealed  in 
either  end  of  this  tube,  and  two  similar  tubes  bearing  the  electrodes  were 
joined  to  it  as  shown  in  the  diagram.  The  central  tube  was  surrounded  by 
two  concentric  quartz  tubes.  3-8  cm.  and  5  cm.  in  diameter.  These  were  drawn 
down  at  the  ends  and  sealed  to  the  central  tube.  The  closed  space  between 
these  two  tubes,  when  thorouglily  exhausted  and  sealed,  served  to  form  a 
vacuum  container  suitable  for  liquid  air  or  liquid  hydrogen.  It  was  found  that 
when  sound  and  diu^able  seals  had  once  been  effected  no  difficulty  was 
experienced  from  unequal  contraction  at  the  low  temperatures.  It  is  evident 
that  the  coefficient  of  expansion  for  quartz,  although  very  small  at  ordinary 
temperatures,  must  fall  off  very  rapidly  for  low  temperatures.  During  the 
operation  only  the  ends  of  the  outer  tube  became  coated  with  frost,  and  the 
extension  provided  for  the  windows  insured  that  they  remained  clear  at  all 
times.  This  type  of  tube  permitted  a  very  economical  use  of  the  liquid  air 
and  liquid  hydrogen,  and  thus  it  was  possible  to  make  comparatively  extended 
obser\'ations  at  these  low  temperatures.  The  detailed  drawing  shows  clearly 
the  design  of  the  electrodes  and  the  method  employed  for  sealing  in  the  tungsten 
leads.  The  aluminium  pieces  were  quite  heavy,  and  were  turned  from  a  solid 
aluminium  rod.  This  particular  design  prevented  local  heating  effects  in  the 
*  Wood,  '  Koy.  Soc.  rroc.,'  A,  vol.  97,  p.  455  (192Uj. 
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surrounding  quartz  tube  ;  this  was  of  particular  importance  when  observations 
were  made  on  the  higher  members  of  the  series.  In  order  to  bring  out  these 
lines  the  tube  was  operated  at  very  low  pressures  and  high  current  values, 
and  consequently  the  heating  effect  was  considerable. 

The  hydrogen  was  introduced  from  a  storage  tank  by  means  of  a  delicate 
micrometer  valve,  as  shown  in  Fig.  2.  It  was  carefully  dried  and  purified  by 
passing  it  over  a  number  of  tubes  of  cocoanut  charcoal  at  liquid-air  temperature. 
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Fig.  2. 


The  discharge  tube  was  protected  from  mercury  vapour  by  means  of  two 
U-tubes  filled  with  gold  foil,  and  immersed  in  liquid  air.  These  were  placed 
in  the  gas  cycle  on  either  side  of  the  tube.  A  Gaede  rotary  mercury  pump 
was  attached  to  the  outlet  of  the  discharge  tube,  as  indicated  in  Fig.  2,  and 
was  kept  continuously  in  operation  whenever  the  tube  was  in  use.  Several 
methods  of  exciting  the  tube  were  tried,  and  the  best  results  were  obtained  with 
a  Wappler  100,000  volt  X-ray  transformer.  The  potential  difference  applied 
across  the  tube  was  varied  by  introducing  resistance  into  the  primary  circuit. 
The  transformer  was  operated  on  a  200-volt  25-cycle  circuit,  and  the  average 
current  maintained  in  the  primary  was  20  to  30  amperes. 

The  tube  was  mounted  so  that  the  light  from  both  ends  could  be  examined 
simultaneously.  During  the  operation  of  the  tube  a  Hilger  constant-deviation 
spectrograph  was  used  to  record,  photographically,  the  purity  of  the  gas  and 
the  relative  intensities  of  the  Balmer  and  secondary  spectra.  The  light  from 
the  other  end  of  the  tube  was  examined  by  means  of  a  Lummer  plate,  for  which 
the  optical  data  were  the  following : — 
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Optical  Data  of  Lummcr  Plate. 
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Tlic  Lumraer  plate  was  mounted  with  its  plane  parallel  faces  vertical.  The 
light  used  was  that  which  issued  axially  from  the  central  portion  of  the  discharge 
tube.  The  raountinj,'  wiv?  arranged  so  that  the  position  of  the  plate  could  be 
adjustetl  by  means  of  graduated  micrometer  screws.  By  this  arrangement 
a  recx)rd  of  the  various  positions  of  the  plate  could  be  tabulated  and  a 
corresf)onding  series  of  photographs  taken. 

Qualitative  Observations. 

At  ordinary  temperatures  and  ■with  pure  hydrogen  it  was  found,  as  Wood* 
has  observed,  that  the  transfer  of  energy  from  the  secondary  to  the  primary 
spectnmi  behaved  very  capriciously.  Photographs  showed  that  a  great 
part  of  the  energy  of  the  discharge  was  represented  as  secondary  spectrum. 
Observations  in  agreement  mth  those  of  Merton  and  Wood  were  made,  showing 
that  the  presence  of  water  vapour  was  favourable  to  the  production  of  the 
Babner  series  with  a  corresponding  decrease  in  intensity  of  the  secondary 
spectrum. 

It  is  now  generally  conceded  that  the  Balmer  series  is  produced  by  radiations 
from  atomic  hydrogen,  while  the  secondary  spectrum  is  due  to  the  molecular 
formation.     Wood  has  suggested  that  the  potential  appUed  to  the  tube  is  always 

*  Loc.  cit. 
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sufficient  to  dissociate  the  hydrogen,  but  that  the  walls  of  tlie  tube  and  the 
electrodes  act  as  a  catalyser,  and  almost  instantaneously  change  the  atomic 
hydrogen  back  into  molecular  hydrogen. 

The  general  theory  is  that  water  vajwur  acts  as  a  poison  to  the  catalytic 
action  of  the  walls  of  the  tube.  However,  at  the  temperatures  for  which 
water  vapour  could  be  used  for  the  above  purpose,  the  hydrogen  doublets 
appeared  so  diffuse,  owing  to  the  Doppler  effect,  enhanced  perhaps  by  the 
Stark  effect,  that  no  measurements  on  the  separation  were  attempted.  In 
order  to  reduce  the  Doppler  effect,  the  central  discliarge  tube  was  surrounded 
with  Uquid  air.  At  this  temperature,  as  Wood  and  Merton  have  also  observed, 
nearly  all  the  energy  of  the  discharge  comes  out  in  the  secondary  spectrum. 
Only  the  H„  and  H^  hues  appeared  with  sufficient  intensity  to  be  photographed 
as  a  Lummer  plate  pattern.  The  other  lines  of  the  series  were  lost  in  the 
practically  continuous  background  due  to  the  secondary  spectrum. 

The  solution  of  the  problem  looked  rather  hopeless  at  the  start,  for  it  seemed 
that  the  devices  used  by  Wood  at  ordinary  temperatures,  coupled  with 
different  methods  of  electrical  excitation,  variation  of  gas  pressure,  and  many 
different  methods  of  operation,  would  not  transfer  the  maximum  energy  of 
the  discharge  into  the  Balmer  series.  The  catalytic  action  of  the  walls  of  the 
tube  seemed  to  be  enhanced  at  the  temperature  of  liquid  air,  and  after  many 
attempts  to  destroy  it,  the  following  method  was  adopted  with  considerable 
success : — 

The  central  tube,  after  it  had  been  thoroughly  cleaned  with  hot  chromic 
acid,  and  protected  from  mercury  vapour  as  previously  described,  was  cooled 
to  —  190°  C.  by  means  of  liquid  air.  Hydrogen  containing  a  small  percentage 
of  air  and  at  a  pressure  of  about  5  mm.  of  mercury,  was  then  passed  through 
the  tube.  This  impure  gas  was  excited  intermittently,  by  the  discharge  from 
the  transformer,  for  a  period  varying  from  one  to  two  hours.  This  insured 
that  a  very  thin  and  even  coating  of  water  vapour  was  frozen  on  the  inner 
walls  of  the  tube.  This  layer  of  ice,  together  with  the  absorbed  nitrogen, 
seemed  to  shield  the  atomic  hydrogen  from  the  catalytic  action  of  the  quartz 
walls.  After  this  treatment,  and  while  still  at  —  190°  C,  the  discharge  tube 
and  coimecting  apparatus  were  thoroughly  exhausted,  and  pure  hydrogen 
was  introduced  into  the  system.  When  the  tube  was  subsequently  excited, 
even  with  moderate  currents,  providing  the  temperature  had  been  maintained 
at  —  190°  C.  in  the  interval,  the  secondary  spectrum  appeared  only  near  the 
electrodes  and  in  the  warmer  sections  of  the  discharge  tube.  Wlien  the  light 
from  the  cooled  section  of  the  tube  was  examined  througJi  a  direct-vision 
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8ptHtn>graj)h.  X\\c  IJalnuT  sories  appeared  witli  great  hrilliancy  against  a 
practiailly  Mai-k  liaokgrouml.  It  ri'Cjuirecl  considerable  practice  in  developing 
the  tccliuique  of  o]>orating  the  tube  before  the  secondary  spectrum  was  so 
cliniinatoil. 

Ak  isevideJit  from  I'latc  :\  the  intensity  of  the  secondary  spectrum  was  not 
zero,  but  it  \viu>  so  snuiU  that  no  difficulty  was  experienced  in  isolating  and 
photograpijing  the  LumnuT  plate  i)atterns  of  the  first  five  lines  of  the  Balmer 
serieis.  Spectra  2.  li,  I,  5.  and  G  show  the  photographs  of  the  Lummer  plate 
|Nitterns  for  the  respective  lines.  The  lines  were  comparatively  sharp,  and 
very  little  ditficulty  wjvs  experienced  in  measuring  the  doublet  separations. 

Manv  at  tempts  were  made  to  obtain  the  pattern  for  the  sixth  line  of  the 
srrie^.  but  the  results  were  always  negative  or  doid)tfid,  and  no  reliable  measure- 
m«Mits  were  obtainctl  from  them.  It  was  comparatively  easy  to  photograph 
11,.  as  it  could  be  readily  Isolated  by  taking  a  series  of  photographs,  starting 
with  H;.  which  is  in  the  visible  region,  and  working  towards  the  ultra-violet. 
A  small  camera  re<|uiring  a  short  exposure  was  used  to  make  a  rough  adjust- 
ment of  the  l^ummer  plate,  and  then  with  an  exposure  of  from  five  to  six  hours 
with  a  larger  camera,  plates  were  obtained  with  sufficient  density  to  give 
relial)le  measurements.  The  sixth  line  has  only  one-sixtieth  of  the  intensity 
of  the  Ha  line,  and  as  it  lies  relatively  close  to  He  and  has  a  much  smaller 
intensity,  it  was  not  possible  to  obtain  a  sufficient  density  on  the  photographs 
of  the  Lummer  plate  pattern. 

AttemjJts  were  made  to  get  evidence  of  the  fine  structure  of  the  lines,  and 
with  this  eml  in  view  the  tube  was  cooled  with  liquid  hydrogen.  At  this 
temperature  the  energy  again  shifted  to  the  secondary  spectrum  and  the 
intensity  of  the  Balmer  fines  decreased  in  proportion.  Lummer  plate  photo- 
graplus  with  the  tube  at  this  temperature  Avere  attempted,  but  they  were  not 
denii?e  enough  to  be  reproduced.  The  lines,  however,  were  observed  very  closely, 
and  as  in  all  the  previous  cases,  no  evidence  of  any  fine  structure  was  noted. 
This  seems  to  be  in  agreement  with  the  work  of  Oldenberg.*  The  satellites 
as  observ-ed  by  McLennan  and  Lowe  and  later  by  Geddes  must  therefore  be 
attributable  to  the  lines  from  the  nitrogen  or  the  secondary  spectrum  of 
hydrogen.  These  spectra  were  very  intense  in  their  photographs,  as  compared 
with  the  Balmer  series,  and  it  is  possible  that  lines  of  an  unknown  origin  may 
have  appeared  in  the  I/ummer  plate  pattern  of  the  Balmer  lines. 


*  Oldenljerg,  '  Ann.  der  Ph3-s.,'  vol.  67,  p.  253  (1922). 
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Quantitative  Results. 

In  measuring  the  plates  a  Toepler  comparator  was  used.  The  measure- 
ments were  made  from  the  edges  as  well  as  the  centre  of  the  lines  in  the 
photographs,  and  the  apparent  optical  centre  was  taken  to  correspond  with  the 
line  of  maximum  density  on  the  plate. 

The  readings  from  the  various  plates  were  taken  as  the  average  of  three 
complete  sets,  each  consisting  of  three  settings  on  each  line.  It  was  found 
necessary  to  reduce  the  current  considerably  in  order  to  get  sharp  doublets 
for  the  H„  line,  while  the  conditions  for  the  other  plates  were  always  adjusted 
so  as  to  give  the  maximum  intensity  for  the  line  under  examination. 

The  results  of  the  measurements  were  as  follows  : — 


a 

b 

Wave-length 
in  A. 

c                                  d 
Separation  of  the  Components. 

Probable 
Error. 

Line. 

d\. 

dy. 

H 

H 
H 
H 
H 

6562-79 
4861-33 
4340 -4G 
4101-73 
3970-07 

0-143  A 

0-085    „ 
0-070    „ 
0-061    „ 
0-065    „ 

0-33  cm. -1 
0-36    „ 
0-37    „ 
0-36    „ 
0-35    „ 

±2-02 
±0-01 
±0-02 
±0-02 
±0-02 

Summary  of  Results. 

1.  The  doublet  separations  of  the  first  five  lines  of  the  Balmer  series  have 
been  determined  and  found  to  be  almost  in  exact  quantitative  agreement  with 
the  theory  of  Sommerfeld. 

2.  A  method  has  been  described  whereby  the  intensity  of  the  Balmer  lines 
relatively  to  the  secondary  spectrum  may  be  increased  many  times,  even  when 
the  discharge  tube  is  at  liquid-air  temperatures. 

3.  No  evidence  of  the  fine  structure  was  observed  even  under  very  favourable 
conditions. 

4.  The  spectrum  of  pure  hydrogen  was  studied  when  the  discharge  tube  was 
at  —  252°  C.  Evidence  has  been  deduced  to  show  that  at  this  temperature 
the  greater  part  of  the  gas  is  in  the  molecular  condition. 


Conclusions,  * 

While  it  has  been  shown  that  a  remarkable  confirmation  of  Sommerfeld's 
theory  has  been  obtained  indirectly  from  Paschen's  investigation  of  the  structure 
of  a  number  of  wave-lengths  in  the  spectrum  of  helium,  and  while  it  has  been 


?70  The  Dnuhh'f  Spparafion  of  the  Bahner  TAnes. 

shown  tliat  tlio  L  seriea  ot  tlie  lioiitgen  spectra  of  tlie  elements  consists  of 
douMets  with  a  constant  separation  between  the  components  of  approximately 
0-;JGr)cin.~',  the  prtisent  values  for  the  doublet  separations  of  the  Balmer  lines 
rt'prwent  the  lirst  direct  proof  of  the  theory  in  so  far  as  the  atoms  of  hydrogen 
are  ooncerno<l. 
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On  the  Liquefaction  of  Hydrogen  and  Helium 
{II  Communication) 

By  Professor  J.  C.  McLennan,  F.R.S.,  and  G.  M.  ShrUxM,  M.A. 

University  of  Toronto 

I.  Introduction 

In  a  previous  paper^  by  one  of  the  authors,  the  details  were  given 
of  an  apparatus  that  had  been  designed  and  adapted  in  the  Physical 
Laboratory  of  the  University  of  Toronto  for  the  liquefaction  of 
hydrogen.  This  piece  of  apparatus  proved  to  be  quite  satisfactory 
for  preliminary  work,  but  it  has  since  been  replaced  by  another  of  a 
somewhat  modified  design.  The  operation  of  a  closed  cycle  for  the 
liquefaction  of  hydrogen  requires  considerable  experience  and  know- 
ledge of  technique,  and  in  view  of  this  it  seemed  advisable  during  the 
initial  stages  to  construct  the  apparatus  on  a  unit  system.  As  the 
work  progressed,  however,  and  the  preliminary  plans  made  for  the 
construction  of  a  helium  liquefier  showed  that  possibly  30  to  40  litres 
of  liquid  hydrogen  would  be  required  at  one  time  during  the  operation 
of  the  helium  liquefaction  cycle,  the  eflficiency  of  the  hydrogen  liquefier 
became  a  matter  of  prime  importance.  It  was  therefore  decided  to 
modify  the  original  apparatus  and  sacrifice  simplicity  of  construction 
for  efficiency  in  operation. 

A  second  apparatus  was  consequently  constructed.  It  has  been 
thoroughly  tested  and  has  fulfilled  all  the  exacting  demands  made 
upon  it.  A  description  of  the  apparatus  and  the  method  of  operating 
it  is  given  in  Section  IV. 

The  work  on  the  design  and  construction  of  the  equipment 
constituting  the  cycle  for  the  purification  and  liquefaction  of  helium 
has  also  been  completed,  but  an  unfortunate  delay  in  the  delivery 
of  suitable  vacuum  flasks  makes  it  impossible  at  present  to  report  a 
successful  operation  of  this  equipment.  In  Section  VII  there  is  given 
the  details  of  the  apparatus  and  the  method  we  propose  to  follow 
in  using  it. 

II.  Compressors  and  Gasometers 

The  hydrogen  is  compressed  by  means  of  a  specially  designed 

four-stage  belt-driven  compressor  (see  Fig.  1,  also  Plate  I,  1)  built  by 

the    Burckhardt    Engineering    Works    of    Basle,    Switzerland.     The 

cylinders  are  water-cooled,  have  a  forced  oil  lubrication  and  are  fitted 

^McLennan,  Trans.  R03'.  Soc.  of  Canada,  May,  1921. 
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HYDROGCN     COMPRESSOR 


Fig.  1 

with  steel  piston  rings.  The  gas  is  cooled  after  each  compression  by 
means  of  a  number  of  inter-coolers  immersed  in  a  tank  of  running 
water.  The  compressor  is  constructed  so  as  to  prevent  any  loss  of 
gas,  and  with  this  end  in  view  the  piston  rods  are  provided  with  special 
stuffing  boxes  in  which  the  packing  is  sealed  with  oil  holders.  The 
space  back  of  each  piston,  as  well  as  the  safety  valves,  are  so  arranged 
that  they  connect  with  the  gasometer,  and  through  the  latter  to  the 
intake  of  the  compressor.  The  compressor  has  a  capacity  of  60 
cubic  metre  of  free  gas  per  hour,  and  requires  a  motor  of  30  H.P.  to 
operate  it  when  delivering  at  200  atmospheres  pressure.  Twenty 
litres  of  water  per  minute  are  disposed  of  by  the  inter-coolers. 

We  propose  compressing  the  helium  by  means  of  a  standard  two 
stage  Whitehead  air  compressor  (Plate  I,  2)  that  has  been  modified  for 
use  with  rare  gases  (Plate  I,  3).  These  modifications  were  made  by 
completely  enclosing  the  crank  case  with  three  castings  electrically 
welded  to  the  frame  to  which  plates  are  bolted  (Fig.  2).     When  the 
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CfPOSS    3£CT/OrV     SHO^ffiG    ADDITIONS 
TO    WHITEHEAD      COMPRESSOR 

Fig.  2 


pump  is  in  operation  the  crank  case  A  is  kept  partially  filled  with  oil 
so  that  as  the  crank  revolves  the  bearings  Bx  and  B^,  together  with  the 
stuffing  box  P,  are  well  lubricated.  The  gas  that  leaks  past  the 
pistons  of  either  the  first  or  second  stage  is  collected  in  this  chamber, 
from  which  it  is  conducted  through  an  oil-trap  attached  at  £,  to  the 
low  pressure  intake. 

The  maximum  capacity  of  this  compressor  is  600  cu.  ft.  of  free 
gas  per  hour,  but  a  simple  and  ready  means  of  reducing  this  by  any 
desired  amount  has  been  devised. 

For  the  hydrogen  cycle  one  gasometer  of  60  cu.  ft.  capacity  is 
installed,  while  for  the  helium  cycle  there  are  two  with  a  capacity  of 
25  cu.  ft.  each.  These  gasometers  are  made  from  gauge  No.  10 
black  iron,  with  welded  seams,  and  an  upper  frame-work  of  channel 
iron.  The  gas-holders  float  on  oil  and  are  suspended  by  means  of 
counter  weights  with  roller-bearing  pulleys.  Since  it  is  inadvisable 
to  use  any  but  a  high  grade  oil  the  gasometers  are  arranged  with  an 
inner  or  third  cylinder  to  reduce  the  amount  of  oil  required.  Glass 
check  valves  are  arranged  through  which  the  oil  of  the  gas-holder  can 
be  visibly  drawn  up  and  automatically  checked.  This  latter  arrange- 
ment eliminates  the  danger  of  crus^hing  in  the  gas-holder  or  of  pumping 
oil  over  into  the  piping  system,  should  the  pressure  in  the  latter 
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Ih'Oomu'  imuh  k-ss  ilum  ntmospheric.     'Plio  p^asomctcrs  arc  joined  to 
tin-  [lipiiij:  systi'Mi  !)>•  im-aiis  of  wirt'-liiud  llrxihU*  i;asolim'  hose. 

III.    /■/;«•  Hydrogen  Cycle 

Plate  1  of  the  pri-\ious  coniimiiiication-  plainly  shewed  the 
giMieral  arraiiijenicnt  of  tin-  Indro^en.  cycle.  Tlie  installation  repre- 
sented in  the  above  plate  has  undergone  none  but  minor  alterations, 
except  for  the  fj^sonietcr  that  has  been  added  to  the  low  pressure 
system  already  described  in  Section  II  of  this  papir. 

Ordinarily  the  gas  is  kept  uiuler  jiressure  in  steel  cylinders  tested 
to  200  atmospheres  pressure.  From  the  cylinders  it  is  introduced  by 
means  of  reducing  valves  into  the  gasometer  from  wliicli  it  passes  to 
the  intake  of  the  compressor.  After  compression  the  yas  is  passed 
through  oil  and  water  separators  and  then  to  the  purifying  or  liquefy- 
ing cycles,  from  whence  it  returns  again  at  low  pressure  to  the  intake 
of  the  compressor.  Extreme  precautions  are  taken  to  prevent  the 
escape  or  loss  of  gas  in  any  manner.  To  this  end  all  valves  and  unions 
are  immersed  wherever  possible  in  heavy  oil,  that  serves  to  indicate 
instantaneously  a  leak  and  prevents  air  from  contaminating  the 
system  during  the  exhausting  of  the  apparatus.  By  these  means  it  is 
possible  to  run  the  cycle  continuously  without  introducing  more  gas 
into  the  system  than  is  required  to  replace  that  which  is  condensed 
as  liquid.  After  each  operation  the  gas  is  collected  and  compressed 
into  the  steel  cylinders  where  it  is  safely  stored  until  required. 

W.   The  Purification  of  the  Hydrogen 

The  commercial  hydrogen  that  we  are  using  may  contain,  we  find, 
when  manufactured  electrolytically,  as  much  as  1.5  per  cent,  oxygen 
and  from  0.1  per  cent,  to  0.3  per  cent,  nitrogen.  The  presence  of 
oxygen  may  be  accounted  for  by  the  diffusion  that  takes  place  in 
the  porous  plates  of  the  electrolytic  cell,  but  tiie  presence  of  nitrogen 
is  due  probably  to  contamination  during  the  compression  or  storage. 

In  our  operations  the  preliminary  purification  of  the  commercial 
hydrogen  is  effected  by  passing  it  through  a  high  pressure  bomb 
filled  with  palladiumized  asbestos.  This  bomb  is  heated  electrically 
to  about  350°C.  at  which  temperature  the  palladium  acts  as  a  strong 
catalyst,  and  the  oxygen  and  the  hydrogen  combining  to  form  water 
is  later  condensed  in  a  trap  or  taken  up  by  caustic  potash.  When 
the  hydrogen  at  a  pressure  of  200  atmospheres  is  passed  over  this 
asbestos  a  number  of  times  the  content  of  oxygen  in  the  hydrogen 
may  be  reduced  to  less  than  0 . 1  per  cent. 

'McLennan,  Trans.  Roy.  Soc.  of  Canada,  May,  1921. 
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Shakspear  katharometers  have  been  found  to  be  almost  indis- 
pensable for  testing  the  hydrogen  during  the  operation  of  the  cycle, 
and  while  using  them  they  are  frequently  calibrated  and  checked  by 
means  of  hydrogen  that  has  been  chemically  analysed,  or  tested  by 
other  physical  means. 

It  is  well  known,  however,  that  any  trace  of  impurity  in  the 
hydrogen- — ^other  than  helium — -will  be  condensed  and  later  solidified 
in  the  expansion  coil  of  the  hydrogen  liquefier.  Such  condensation 
and  solidification  finally  results  in  a  complete  stoppage  of  the  ex- 
pansion valve  or  of  the  tubes  of  the  expansion  coil.  It  is  only  possible, 
therefore,  with  other  than  absolutely  pure  hydrogen  to  make  a 
limited  amount  of  liquid  hydrogen  during  each  operation.  In  order 
to  make  30  or  40  litres  of  liquid  hydrogen  without  failure  it  is  necessary 
to  have  available  a  large  supply  of  extremely  pure  hydrogen.  This 
is  accomplished  by  an  arrangement  similar  to  that  employed  by 
Professor  Kammerlingh  Onnes  in  the  Cryogenic  Laboratory  at 
Leiden.^  It  consists  of  an  apparatus  in  which  the  gaseous  impurities 
in  impure  hydrogen  are  condensed  out  by  means  of  liquid  hydrogen. 
Fig.  3  represents  the  apparatus  schematically. 
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'Kon.  Akad.  Weten,  Amsterdam,  11,  1908-09. 
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Li(jui(l  liN'droiiiMi  is  siplioiu-d  into  the  apparatus  through  the 
insulati'il  tube  K  to  the  lower  eiul  of  the  hirge  spiral  J).  The  hydrogen 
that  is  to  l)e  purifieil  is  controlled  by  a  reducing  valve,  and  enters 
thccoilsof  the  iwDixchan.ners  ./  and  A'  arranged  in  parallel.  It  then 
passes  down  o\er  the  outside  of  the  spiral  P.  As  the  liquid  hydrogen 
is  continuoiisK-  \a|)()urized  within  this  spiral  the  latter  is  kept  at  a 
vcr>'  low  temperature  with  the  result  that  the  gaseous  impurities  are 
condensed  out  upon  the  external  surface. 

The  \apourized  hydrogen  rises  in  the  spiral  and  passes  out 
through  the  regenerator  A'  to  the  gasometer.  The  purified  hydrogen, 
upon  re.iching  the  bottom  of  the  spiral,  passes  upward  through  a 
fibre  tube  and  the  regenerator  /  to  the  gasometer,  from  which  it  is 
compressed  into  cylinders. 

A  silvered  vacuum  Hask  F  insulates  the  coil  while  a  German  silver 
cylinder  .1  supports  the  flask  and  serves  to  keep  the  apparatus  her- 
metically sealed.  Thermocouples  Gi  and  6*2  serve  to  determine  the 
rate  of  flow  of  the  gas,  since  they  indicate  the  temperature  along  the 
spiral.  The  arrangement  of  the  connecting  pipes  is  shown  clearly  in 
Fig.  8  in  which  //i  and  IL  are  mercury  safety  valves  that  protect  the 
apparatus  at  all  times.  The  purifier  is  entirely  wrapped  in  wool  and 
surrounded  with  a  brass  case  as  shown  in  Plate  II,  1. 

It  is  capable  of  purifying  approximately  5  cubic  metres  per  hour 
and  requires  in  this  time  about  5  litres  of  liquid  hydrogen.  It  is  not 
suitable  for  work  with  hydrogen  that  has  not  undergone  a  preliminary 
purification,  as  during  the  operation  all  the  impurity  in  the  gas  remains 
Ix'hind  as  solid,  and  is  only  removed  at  the  close  of  the  operation, 
when  as  the  temperature  rises  the  nitrogen  or  other  impurities  are 
drawn  off  by  means  of  a  vacuum  pump. 

\'.    The  Hydrogen  Ligiiefier 

The  liquefier  is  represented  schematically  by  Fig.  4,  while  Plate  11,2 
shows  a  photograph  of  the  apparatus  as  it  is  installed  in  the  Physical 
Laboratory-  at  Toronto.  It  will  be  recognized  that  the  principle  of  the 
construction  is  the  same  as  that  of  the  apparatus  described  in  the  first 
Communication  from  the  Laboratory  on  this  subject.  The  Joule- 
Thomson  effect  and  Dewar's  ingenious  method  of  placing  the  re- 
generator coil  in  a  vacuum  flask  are  utilised.  The  regenerator  coils 
are  similar  to  those  used  in  Hampson's  apparatus  for  liquefying  air. 
A  number  of  features  peculiar  to  the  Leiden  installation  are  also 
included. 

Pure  hydrogen  is  compressed  to  200  atmospheres  and  cooled  to 
—  205°C.   by   means  of  liquid   air   boiling   under   reduced   pressure. 
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Fig.  4 

The  gas  is  then  expanded  from  a  nozzle  and  as  a  result  of  the  regenera- 
tive cooling  the  temperature  falls  below  the  boiling  point  and  liquid 
hydrogen  is  separated  out. 

The  compressed  hydrogen  passess  successively  through  the  coils 
Li,  Li',  L2,  L3,  Li,  and  Z5,  Fig.  4.  Li  and  L/  are  arranged  in  parallel 
and  the  valve  Z  serves  to  regulate  the  proportion  of  gas  going  through 
each  of  them.  This  insures  the  proper  interchange  of  heat  between  the 
oncoming  compressed  gas  and  the  out  going  low  pressure  vapours. 

The  coils  Li,  L^  and  L5  are  cooled  by  gaseous  hydrogen  returning 
to  the  gasometer  from  the  expansion  cock  Cx-     Lx   and  L3  are  cooled 
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by  eva|H>r.UiHl  air  hcinj;  drawn  <>IT  l)y  ilu-  \aiiiiiin  pump,  and  L.^  is 
ivirtlally  iinim-rst'd  in  a  bath  of  li(iiiitl  air  i-ontainrd  in  tlie  llask  .1/. 
Tin-  valve  .1  si-rvrs  lo  admit  morr  licjuid  air  from  the  reserve  flasks 
whiMicviT  the  iiulirator  Ex  of  the  cork  Moat  R  shows  that  it  is  required. 
The  expansion  or  chief  re};enerat(»r  coil  is  well  wrapped  in  flannel  and 
still  further  protertetl  l>y  the  douhle  walled  siKered  wiciiiim  llask  AU. 
The  liquid,  as  it  is  formi-d.  passes  throu.uli  i'h'  opening?  in  the  bottom 
of  the  Hask  M^  and  is  eolleettd  in  the  siKered  flask  M3.  The  float 
indicator /^.  D\,  /^j  serves  to  show  the  level  of  the  liquid  in  this  collect  in  j; 
Hask.  Thcweijjht  D  is  connected  with  the  thin  C'.erman  silver  float 
/>,  by  means  f)f  a  silk  thread  runninjj:  over  three  pulleys  A  each  with 
jewel  mountings.  Two  valves,  B  and  ^1,  are  used  for  drawing  ofT  the 
liquid.  The.se  valves  are  so  arranged  that  they  may  be  pre-coolcd 
by  the  cold  gaseous  hydrogen  that  may  be  returned  to  the  gasometer. 
The  stutVmg  boxes  and  screw  thread  for  tiie  valves  .5,  Bi,  C  and  >1  are 
so  arrangeil  that  they  are  not  exposed  to  cooling  and  thus  the  danger 
of  freezing  is  eliminated. 

The  insulation  of  the  apparatus  has  been  carefully  studied. 
X'acuum  flasks  are  used  wliere  possible  and  w^herever  parts  are  cooled 
Ih-Iow  the  temperature  of  liquid  air,  they  are  surrounded  by  an  atmo- 
sphere of  hydrogen  or  by  a  partial  vacuum,  in  order  to  avoid  un- 
necessary condensation.  The  regenerator  coils  are  wrapped  in  flannel 
and  fit  snugly  in  German  silver  containers  so  as  to  insure  a  proper 
exchange  of  heat  between  the  incoming  and  outgoing  gases.  All 
parts  as  far  as  possible  are  constructed  of  German  silver,  because  of 
its  low  coefficient  of  thermal  conductivity.  The  entire  apparatus  is 
packed  in  natural  wool  and  enclosed  in  a  thin  brass  case  that  is 
sealed  except  for  the  drying  tubes  //  and  II \.  These  tubes  serve  to 
prevent  water  vapour  from  condensing  and  collecting  inside.  Fig.  4 
shows  plainly  the  arrangement  for  supporting  the  apparatus,  together 
with  the  scheme  of  the  pipe  connections.  Mercury  traps  J  and  Ji 
serve  to  protect  the  apparatus  at  all  times  from  any  excess  of  pressure, 
while  rubber  safety  valves  G  and  Gi  serve  to  accommodate  any  sudden 
or  violent  increase  in  pressure. 

When  it  is  required  to  operate  the  cycle  the  complete  system  of 
piping,  etc.,  is  thoroughly  exhausted.  It  is  then  filled  with  hydrogen 
and  again  exhausted,  the  operation  being  repeated  until  the  hydrogen 
in  the  system  is  absolutely  pure.  The  refrigerator  surrounding  the 
coil  Li  is  then  filled  with  liquid  air  and  the  pre-cooling  is  effected  by 
allowing  the  hydrogen  to  stream  through  at  low  pressure  for  some 
time.  When  the  thermocouples  indicate  that  the  temperature  of  the 
hydrogen  at  the  expansion  valve  is  -205°C.,  the  valve  is  gradually 
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closed  until  the  pressure  reaches  200  atmospheres.  Some  of  the  cold 
hydrogen  is  used  to  pre-cool  the  valves  B  and  Bi  and  various  other 
parts  of  the  apparatus.  As  liquid  is  drawn  off  it  is  necessary  to 
introduce  fresh  hydrogen  into  the  gasometer.  The  liquefier  will 
deliver  10  to  15  litres  of  liquid  hydrogen  per  hour.  The  pre-cooling 
of  the  coils  requires  about  10  litres  of  liquid  air  per  hour.  Thus  a 
very  moderate  supply  of  liquid  air  is  quite  sufficient  for  the  production 
of  a  large  quantity  of  liquid  hydrogen. 

\'I.   The  Helitim  and  its  Purification 

The  helium  was  obtained  by  Professor  McLennan  from  the 
natural  gas  of  the  Bow  Island  district,  near  Calgary,  Alberta,  in  the 
year  1919-20,  and  has  been  kept  since  then  safely  stored  in  steel 
cylinders  at  about  150  atmospheres  pressure.  An  analysis  by  means 
of  absorption  with  cocoanut  charcoal  showed  that  it  was  about 
90  per  cent.  pure.  The  impurity  consisted  chiefly  of  nitrogen  with 
a  varying  percentage  of  methane.  A  Shakspear  katharometer,  such 
as  is  ordinarily  used  for  hydrogen  has  been  properly  calibrated  and 
is  mounted  for  testing  the  purity  of  the  gas  during  the  operation  of 
the  cycle. 

It  is  proposed  to  eliminate  a  large  percentage  of  the  impurity 
in  the  helium  by  means  of  the  condensation  produced  as  it  is  cooled 
by  liquid  air  boiling  under  reduced  pressure.  In  this  manner,  when 
the  pressure  of  the  helium  is  150  atmospheres,  the  percentage  of 
nitrogen  may  be  reduced  to  less  than  0 . 5  per  cent.  The  remainder 
of  the  impurity  other  than  hydrogen  it  is  proposed  to  absorb  by 
means  of  cocoanut  charcoal  at  the  temperature  of  liquid  air.  Traces 
of  hydrogen  are  removed  by  absorption  with  Cu  O,  or  burning  with 
oxygen  in  the  presence  of  palladiumized  asbestos. 

Fig.  5  shows  the  apparatus  diagrammatically  while  Plate  II,  3  is  a 
photograph  of  the  actual  installation.  The  impure  gas  enters  the 
outer  tube  of  a  spiral  generator  of  the  Linde  type  and  passes  thence 
through  a  spiral  coil  immersed  in  liquid  air  boiling  at  a  pressure  of 
5  cms.  of  mercury.  Any  impurity  that  is  condensed  collects  in  the 
trap  T  while  the  purified  gas  passes  through  the  central  tube  of  the 
spiral  regenerator  to  the  valve  Vi.  The  impurity  from  the  trap  is 
drawn  off  and  collected  through  the  micrometer  valve  F3.  An  analysis 
of  the  gas  that  is  collected  serves  to  determine  the  quantity  that 
should  be  drawn  off.  The  level  of  the  liquid  air  is  shown  by  the 
indicator  B  of  the  cork  float  Bi.  The  valve  M  controls  the  supply  of 
liquid  air  that  is  drawn  over  into  the  apparatus  from  the  store  bottles. 
Insulation  for  the  apparatus  is  provided  by  a  silvered  vacuum  flask  F 
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and  a  swathing  of  natural  wool.  After  being  partially  purified  in  the 
manner  indicated  the  gas  is  passed  through  the  reducing  valve  Fi, 
and  at  low  pressure  through  six  cocoanut  charcoal  tubes,  Z)i,  A,  etc. 
From  these  it  is  collected  in  the  gasometer  and  finally  compressed 
into  tanks,  to  be  introduced  later  into  the  liquefying  system.  In  the 
construction  of  the  apparatus  care  was  taken  to  reduce  its  size  to  a 
minimum,  so  that  the  consumption  of  liquid  air  would  not  be  very 
great,  even  although  the  alternate  heating  and  cooling  of  the  charcoal 
tubes  necessitated  ciur  making  the  process  of  purification  a  dis- 
continuous one. 

\  II.   The  Helium  Liqiiefier 

As  the  design  of  the  hydrogen  liquefier  proved  to  be  a  highly 
efficient  one  it  was  deemed  advisable  to  construct  the  helium  liquefier 
on  the  same  general  principles,  but  on  a  considerably  reduced  scale. 
It  will  be  recalled  that  in  the  operation  of  a  helium  liquefier,  liquid 
hydrogen  must  be  employed  to  cool  the  helium  below  the  temperature 
at  which  the  Joule-Thomson  effect  changes  sign.     When  the  gas  is 
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Fig.  6 


reduced  to  this  temperature  it  must  then  be  expanded  from  a  nozzle 
with  the  application  of  the  principle  of  regenerative  cooling.  In  the 
design  of  our  helium  liquefier  provision  was  made  for  these  features. 
The  arrangement  of  parts  is  shown  in  Fig.  6. 

The  gas  enters  at  the  intake  indicated  in  the  figure.  It  passes 
successively  through  the  coils  Di,  D^  and  D^,  1)4  arranged  in  parallel. 
It  then  enters  P\  and  Pi  also  in  parallel  and  afterwards  passes  succes- 
sively through  Pg,  P4,  P5.  Di,  D^,  Pi  and  P3  are  to  be  cooled  by  the 
vapourized  hydrogen  that  is  drawn  off  by  the  hydrogen  vacuum 
pump.  Di,  Dz,  Pi  and  P3  serve  as  exchangers  for  the  expanded  helium. 
The  coil  Di,  is  to  be  partially  immersed  in  liquid  hydrogen  boiling  at  a 
pressure  of  5  cms.  of  mercury.  The  trap  Pis  to  be  kept  immersed  in 
liquid  air  in  order  that  the  last  traces  of  oil  or  water  vapour  coming 
from  the  pump  may  be  condensed  out.  B\  and  Bi  are  bombs  to  be 
filled  with  charcoal  and  kept  at  the  temperature  of  liquid  air  so  that 
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any  KiiMMJUs  a>n  tarn  illation  intnuliiriHl  into  tlu-  luliuin  in  ihr  working; 
of  the  cycle  nu»y  Ik*  rcnu)vc(l.  Provision  is  hcin^^  in. uU'  for  indicating 
the  level  of  the  lii|uiil  hyilroKin  in  (lir  refrigerator  by  means  of  two 
constant  volume  helium  thermometers  with  i)ull)s  M  and  M-^.  These 
Inilbs  are  made  of  Cierman  silver  and  are  to  l»e  connected  to  j^lass 
manometers  by  means  of  steel  capillar\'  tiihiiiK-  I  'i*^'  ^■;dve  V,  witii 
its  spindle  i\  lH)th  pre-cooled  with  j;.ise()us  hydrogen,  will  enable  one 
to  ffj^ulate  the  supply  of  li<iiiid  hydrogen.  The  flask  E  that  is  to  be 
um  »1  lor  storing  a  reserve  supply  of  liciiiid  h> drogen  is  not  to  be  silvdred 
and  is  to  Ik'  kept  inuuersed  in  a  flask  F^  filled  with  liquid  air.  This 
latter  llask  is  to  Ik*  provided  with  two  unsilvcred  observation  strips 
on  either  side  to  enid)K'  one  to  si-e  the  le\el  of  the  liquid  hydrogen 
directly.  Provision  is  also  made  in  the  design  for  siphoning  liquid 
hydrogen  from  the  store  bottles  into  the  reser\e  flask  Fi  and  since  the 
%a|>ouri/ed  lu'drogen  will  necessarily  be  almost  absolutely  pure, 
provision  h.i>  lu-en  made  in  the  aj^paratus  for  carefully  collecting  and 
storing  it. 

The  helium,  as  it  is  conden.sed  on  liquefaction,  will  collect  in  the 
l>ottom  of  the  silvered  flask  F3  that  is  to  be  made  with  a  specially 
tiesigned  delivery  tube  F.  This  tube  will  be  double  walled  and  silvered 
in  the  same  manner  as  an  ordinary  vacuum  Hask.  In  this  way  it 
will  l>e  possible  to  transfer  the  liquid  helium  to  the  flask  7'"4  or  to  any 
other  suitable  apparatus  in  which  it  may  be  required.  In  the  design 
of  the  apparatus  every  precaution  has  been  taken  to  prevent  loss  of 
helium  or  its  contamination  with  hydrogen. 

8.  Summary 

In  the  statement  above  there  are  set  forth  the  underlying  prin- 
ciples, the  design  and  many  details  as  well  of  the  equipment  that 
will  soon  be  completely  installed  in  the  Physical  Laboratory  of  the 
University  of  Toronto  for  the  purpose  of  liquefying  hydrogen  and 
helium. 

Note. — While  presenting  this  paper  I  desire  to  take  the  oppor- 
tunity of  acknowledging  my  very  great  indebtedness  to  Professor 
Kammerlingh  Onnes  of  the  University  of  Leiden,  Holland. 

The  hydrogen  purifier  and  liquefier,  as  well  as  the  helium  liquefier, 
were  designed  in  accordance  with  drawings  furnished  to  me  by  him. 
I  also  had  the  benefit  of  his  advice  in  working  out  the  details  of  the 
hydrogen  compressor. 
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Through  conversation  and  correspondence  I  gained  much  in- 
formation from  him  that  enabled  me  to  expedite  the  construction  and 
installation  of  our  cryogenic  equipment.  To  him  I  offer  my  sincere 
thanks. 

J.  C.  McLennan. 
Physical  Laboratory, 

University  of  Toronto. 
June  15,  1922. 
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Section  III,  1923  [21]  Trans.  R.S.C. 

On  the  Liquefaction  of  Hydrogen  and  Helium 
(III  Communication) 

By  Professor  J.  C.  McLennan,  F.R.S.,  and  Mr.  G.  M.  Shrum,  M.A., 

University  of  Toronto 

Introduction 

In  two  previous  communications^  detailed  descriptions  were 
given  of  the  cryogenic  equipment  that  had  been  designed,  and  installed 
in  the  Physical  Laboratory  of  the  L^niversity  of  Toronto.  These 
communications  described  very  fully  the  design  and  method  of 
operation  of  the  cycles  for  liquid  air  and  liquid  hydrogen. 


I  desire  to  state  that  Mr.  G.  M.  Shrum  was  enabled  to  co-operate 

in  this  investigation  through  the  award  to  him  of  a  studentship 

kindly  made  by  the  Honorary  Advisory  Council  for  Scientific  and 

Industrial  Research  of  Canada.     Also  the  expenses  of  a  part  of  the 

investigation  were  covered  by  a  grant  made  by  the  same  Council,  for 

which  I  am  greatly  obliged. 

J.  C.  McLennan. 


are  very  easily  broken,  sometimes  accidentally  and  more  often  un- 
avoidably; this  is  especially  true  of  large  cylindrical  flasks.  (2)  They 
are  limited  to  a  small  capacity,  three  litres  being  about  the  maximum. 
In  order  to  overcome  the  excessive  cost  and  inconvenience  of  breakages, 
and  also  to  accommodate  the  large  quantities  of  liquid  air  and  hydro- 
gen that  are  used  in  the  laboratory,  metal  containers  were  introduced. 
These  were  purchased  from  well-established  manufacturers,  but 
proved  to  be  very  inefficient  and  consequently  were  not  used  ex- 
tensively at  first.  Later,  after  it  had  become  necessary  to  repair  one 
that  had  been  damaged,  it  was  found  that  the  efficiency,  after  being 
repaired,  was  some  four  times  greater  than  that  of  any  of  those  that 
had  been  purchased.  Consequently  all  the  containers  were  dis- 
mantled   and    reassembled.     These    then    proved    so    efficient    and 

^McLennan,  Trans.  Roy.  Soc.  of  Canada,  May,  1921. 
McLennan  and  Shrum,  Trans.  Roy.  Soc.  of  Canada,  June,  1922. 
^January  10th  and  24th,  1923. 
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satisfactory  for  storing  liciuid  air,  that  they  were  tried  with  h'quid 
hydrogen  and  after  being  sUghtly  modified  were  found  to  be  efficient 
containers  of  this  liquid  as  well.  Owing  to  their  general  usefulness 
where\er  liquid  air  is  to  be  used  for  research  or  laboratory  purposes, 
sonu'  of  the  precautions  that  must  be  observed  in  the  construction, 
assembling  and  subsequent  exhaustion  of  them  to  insure  a  proper 
insulation,  were  deemed  to  be  not  without  interest  and  are  given 
below. 


C£RMAN    SiLVCff 
Orr    TVBC 
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METAL      CONTAINER 
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Fig.  1  represents  the  flask  for  liquid  air,  and  Fig.  2  the  flask  as 
it  was  adapted  for  liquid  hydrogen.  A  good  flask  must  be  mechanic- 
ally sound,  and  this  soundness  will  depend  upon  the  quality  of  the 
material  and  the  skill  of  the  workmanship  employed  in  assembling  it. 
The  successful  insulation  depends  upon  (a)  a  correct  polish  and  the 
maintenance  of  such  under  working  conditions,  ih)  correct  preparation 
and  disposition  of  the  absorbent  material  in  the  inter-space,  (c)  proper 
vacuum  between  the  spherical  shells,  A  and  B,  Figs.  1  and  2. 

The  spherical  shells  were  made  from  copper  spinnings  and  when 
finished  the  metal  walls  of  a  five  gallon  container  were  about  0.032 
inches  thick.  As  copper  has  a  high  coefificient  of  reflection  for  infra- 
red rays  the  use  of  this  metal  for  the  spherical  portions  of  the  flasks 
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insured  the  elimination  of  heat  losses  arising  from  radiation.  Sound 
and  durable  joints  were  required,  especially  at  the  equatorial  junctions 
(see  E.J.  1  and  2,  Figs.  1  and  2  for  the  details  of  these  junctions). 
This  particular  type  of  junction  provided  a  ring  of  solder  that  re- 
inforced the  sphere.  In  addition,  it  was  also  very  simple  to  make  or 
dismantle.  Special  attention  was  paid  to  the  soldering.  Thorough 
tinning  was  required,  and  a  soldering  bit  was  used  to  make  the  joints, 
as  a  blow-pipe  is  very  apt  to  overheat  and  tarnish  the  polished  surfaces. 
As  a  flux,  it  was  found  that  resin  was  the  most  satisfactory. 

Little  buffers  of  felt  Ci,  C2,  Fig.  1,  were  used  in  the  liquid  air 
flasks.  These  gave  support  to  the  inner  sphere,  and  when  liquid  air 
was  being  transported,  lessened  the  strain  on  the  soldered  junction 
at  the  top  of  the  neck  of  the  flask.  Owing  to  the  small  density  of 
liquid  hydrogen  these  buffers  were  not  used  in  the  flasks  for  trans- 
porting or  holding  this  liquid.  The  tubes  Ti,  Ti  and  Ta',  Figs.  1 
and  2,  were  made  of  German  silver  while  Ti  was  of  copper.  The 
outer  surfaces  of  Ai  and  A2  and  the  inner  walls  of  .5i  and  .62  were 
highly  polished.  The  parts  Mi  and  M2,  Figs.  1  and  2,  were  each 
filled  with  about  6  ozs.  of  cocoanut  charcoal.  Since  the  charcoal 
was  in  contact  with  the  surface  of  the  container  for  liquid,  it  soon 
became  cooled  when  the  flask  was  filled  with  liquid  air  or  liquid 
hydrogen  and  so  provided  a  means  of  improving  the  vacuum  between 
the  walls.  A  short  time  before  assembling  the  flask,  the  surfaces 
were  buffed  and  all  traces  of  the  polishing  powder  removed.  The 
flask  was  then  immediately  assembled  and  preliminarily  exhausted. 
Various  tests  were  employed  to  detect  any  trace  of  leakage.  If  the 
flask  was  found  to  be  sound  it  was  connected  with  a  condensation 
pump  and  exhausted  for  six  hours.  During  the  whole  series  of 
evacuations  the  container  was  supported  in  an  inverted  position, 
and  steam  was  continuously  passed  into  the  inner  flask  in  order  to 
drive  off  gases  and  water  vapour  adhering  to  the  inner  walls.  The 
tube  connecting  the  condensation  pump  to  the  flask  was  provided 
with  a  trap  that  was  kept  immersed  in  liquid  air.  By  this  means 
the  water  vapour  driven  off  was  condensed  and  held.  Without  this 
device  it  was  found  exceedingly  difficult  to  remove  water  vapour 
completely.  The  sealing  off  was  effected  by  pressing  the  walls  of 
the  heavy  lead  tube,  Ni,  N2,  together.  They  were  then  scraped 
very  clean,  the  flux  was  applied,  the  tube  was  cut  off  and  its  end 
dipped  in  molten  solder.  A  five  gallon  container  that  had  been 
properly  exhausted  would  not  lose  more  than  3  lbs.  of  liquid  air 
per  day.  It  was  a  matter  of  very  great  importance  to  see  that  the 
whole  series  of  operations,  from  the  assembling  to  the  sealing  off  after 
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evacuation  was  continuous.  It  was  found  to  be  particularly  im- 
portant to  have  no  ticlay  between  (1)  the  final  polishing  of  the  reflect- 
ing surfaces,  (2)  assembling,  (3)  transference  of  charcoal,  after  its 
heat  treatment,  to  the  containing  vessel,  and  (4)  the  preliminary 
evacuation. 

The  connections  for  drawing  off  liquids  from  the  containers  are 
shown  clearly  in  the  drawing. 

The  draw-off  tube  of  the  container  for  liquid  air  was  mid3  by 
bending  a  3/8"  thin  wall  German  silver  tube  to  the  required  shape. 
A  rubber  stopper  served  to  make  the  junction  between  the  tube  and 
the  ebonite  screw  cap  for  the  container.  The  tube  that  connected 
to  the  bellows  contained  a  small  safety  trap.  This  served  to  protect 
the  container  from  any  sudden  increase  in  pressure.  The  arrange- 
ment for  the  hydrogen  container  was  a  combination  attachment  that 
served  both  for  filling  the  container  with  liquid  from  the  liquefier 
and  drawing  off  again  when  required.  This  eliminated  the  possibility 
of  air  condensing  into  the  liquid  hydrogen  while  the  connections  were 
being  made.  The  tubes  that  conveyed  the  liquid  were  so  arranged 
that  they  were  surrounded  by  an  atmosphere  of  hydrogen.  The  tubes 
were  made  from  3/16"  German  silver  tubing,  with  a  wall  .012"  thick. 
The  rubber  sleeve  served  a  dual  purpose  in  that  it  effected  an  air- 
tight junction  for  the  working  pressures  and  expanded  to  act  as  a 
safety  valve  for  higher  pressures. 

(b)  Some  Additional  Features  of  the  Hydrogen  Cycle 

The  hydrogen  liquefier  described  in  Communication  No.  II 
(Plate  I  "a"  is  a  photograph  taken  in  the  laboratory)  was  found  to 
operate  most  satisfactorily  when  used  with  extremely  pure  hydrogen. 
Experience  in  operating  the  cycle,  has  justified  all  the  extreme  pre- 
cautions that  were  taken  in  the  original  design  for  insuring  the  purity  of 
the  hydrogen.  It  was  found  advantageous  to  add  to  the  cycle  as  an 
auxiliary  purifier  a  large  tube  filled  with  cocoanut  charcoal.  This 
tube  was  arranged  so  that  it  could  be  heated  and  exhausted  inde- 
pendently of  the  regular  cycle.  After  the  liquefier  and  conduits  were 
exhausted  and  filled  with  pure  hydrogen,  the  gas  was  circulated  by 
means  of  a  side  conduit  through  this  charcoal  tube  immersed  in 
liquid  air  until  it  was  freed  of  the  last  traces  of  impurity,  that  remained 
in  the  compressor  and  conduits. 

It  was  also  found  advantageous  to  change  the  high  pressure 
gauge  W  (Fig.  3)  so  that  it  indicated  the  pressure  at  W2  instead  of 
Wi.     By   this   change,  better  control   of   the   expansion    valve   was 
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obtained,  and  the  possibility  of  a  too  sudden  expansion  at  the  nozzle 
with  consequent  breaking  of  the  safety  valves  was  avoided.  The 
efficiency  of  the  liquefier  was  improved  by  providing  the  expansion 
coil  Z/5  with  a  close-fitting  German  silver  envelope.  This  envelope 
when  it  was  properly  wrapped  with  flannel,  permitted  a  better  junction 
to  be  effected  between  the  inner  wall  of  the  glass  fiask  M^  and  the  coil, 
and  consequently  insured  that  more  of  the  expanded  gas  passed  over 
the  closely  wound  tubes  of  the  coil  and  thus  better  regeneration  was 
obtained. 
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Fig.  3 


It  was  found  that  at  times  a  very  slow  accumulation  of  solid 
impurity  in  the  flask  Mz  caused  great  inconvenience  by  blocking  the 
draw-off  valves  Bi  and  B2.  This  was  overcome  by  shortening  the 
tubes  Ki  and  Kz  so  that  they  are  about  2  cms.  clear  of  the  bottom  of 
the  flask  Mz. 

The  hydrogen  purifier  shown  in  Fig.  3,  Communication  II,  was 
found  to  be  quite  satisfactory  as  a  purifier,  and  it  had  an  additional 
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advantage  in  that  it  was  very  useful  as  a  vaporizer,  when  it  was 
required  to  evaporate  and  store  small  quantities  of  liquid  hydrogen 
that  were  left  over  from  experiments.  It  was  found,  however,  that 
the  commercial  hydrogen  that  was  used  contained  as  an  impurity  at 
times,  as  much  as  3%  of  air.  This  proved  very  troublesome,  since 
after  the  hydrogen  was  passed  over  the  palladiumised  asbestos  there 
was  still  a  large  percentage  of  nitrogen  in  it  as  an  impurity.  Ab- 
sorption with  cocoanut  charcoal  at  liquid  air  temperatures  proved  to 
be  the  most  economical  method  for  freeing  the  hydrogen  of  this 
nitrogen,  as  a  preliminary  purification  to  the  more  refined  method 
described  in  Communication  II.  The  details  of  an  installation  for 
this  purpose  were  very  carefully  worked  out,  and  since  the  method 
proved  so  elftcient  and  economical  for  the  purification  of  large  quanti- 
ties of  gas,  a  short  description  of  the  apparatus  is  included  here. 
Proper  insulation  in  conjunction  with  efificient  heat  exchangers  served 
to  keep  the  consumption  of  liquid  air  to  a  minimum.  Good  insulation 
was  effected  by  (1)  the  compactness  of  the  design,  (2)  the  use  of  steel 
vacuum  vessels,  and  (3)  by  a  copious  swathing  of  natural  wool.  The 
exchangers  were  of  the  proper  dimensions  so  that  when  used  in  con- 
junction with  the  two  delicate  reducing  valves,  Vi  and  V2,  the  out- 
going gases  were  always  at  room  temperature.  The  scheme  of  the 
apparatus  is  shown  in  Fig.  4.  The  hydrogen  was  taken  from  the  high 
pressure  cylinders  through  the  two  reducing  valves  Vi  and  Vo  and 
then  entered  the  coils  of  the  two  exchangers  Ei  and  £2.  From  the 
exchangers  it  passed  through  the  two  charcoal  containers  in  series 
(as  indicated  by  the  arrow)  and  then  to  the  exchanger  £2,  where  as 
it  passed  up,  around  the  outside  of  the  coils,  to  the  gasometer  it 
robbed  the  oncoming  hydrogen  of  its  heat  energy.  Liquid  air  was 
supplied  to  the  two  steel  vacuum  flasks  Fi  and  F2  by  means  of  the 
valves  Ml  and  M2  as  indicated  in  the  figure.  The  charcoal  containers 
were  wrapped  with  asbestos  cloth  and  were  provided  with  permanent 
heating  coils  with  leads  at  Li  and  L2.  Cork  floats  Bi  and  .82  indicated 
the  level  of  the  liquid  air  in  the  containers,  while  the  thermo-couples 
Ti  and  T2  indicated  the  temperature  of  the  charcoal  during  the 
exhaustion.  A  katharometer  placed  at  K  was  used  to  determine  the 
purity  of  the  outgoing  hydrogen.  The  apparatus  was  found  to  operate 
very  satisfactorily.  From  100  to  300  cubic  feet  of  hydrogen  was 
purified  before  the  charcoal  required  heating  and  re-exhausting.  The 
complete  cycle  for  purification  was  as  follows:  The  commercial 
h^'drogen  was  first  passed  over  the  heated  palladiumised  asbestos, 
and  thus  freed  of  its  oxygen  content.  This  eliminated  any  danger 
from  explosions  due  to  any  accumulation  of  oxygen  in  the  charcoal 
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or  any  other  part  of  the  equipment.  The  gas  was  then  passed  through 
the  charcoal  purifier  described  above  and  afterwards  to  the  final 
purifier  described  in  Communication  No.  II. 

(c)    The  Liquefaction  of  Helium 

(1)  Method. — The  Joule-Kelvin  effect  is  the  most  important 
factor  in  the  liquefaction  of  those  gases  whose  critical  temperatures 
lie   very   low.      When   expansion   from  a   nozzle  is   utilized   for   the 
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liquefaction  of  a  gas,  the  latter  must  first  be  cooled  below  the  tempera- 
ture at  which  the  sign  of  the  Joule-Kelvin  effect  is  negative.  Theo- 
retically, when  a  gas  is  cooled  below  this  temperature,  called  the 
inversion  temperature,  liquid  may  be  obtained  by  an  adiabatic  ex- 
pansion. Practically,  however,  it  is  found  that  if  the  gas  is  not 
cooled  somewhat  below  this  temperature,  the  Joule-Kelvin  effect  will 
not  have  a  sufficient  value  for  a  statical  liquefaction  process  to 
succeed. 

The  work  of  Kammerlingh  Onnes^  on  the  determination  of  the 
isotherms  of  helium  at  low  temperatures,  in  conjunction  with  specific 
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heat  determinations,  has  shown  that  the  in\crsion  point  for  helium 
hes  between  -252°C.  and  -259°C.  and  sufificiently  above  -259°C. 
to  insure  sufficient  cooh'ng  for  a  statical  liquefaction  process  to  succeed 
at  — 2o9°C.,  practically  the  lowest  temperature  that  is  possible  with 
liquid  hydrogen. 

Knowing  that  the  principle  was  correct  and  that  the  present 
hydrogen  liquefier  was  a  highly  efficient  one,  it  was  decided  to  build 
the  helium  apparatus  upon  the  same  general  principles,  but  on  a 
considerabh'  reduced  scale.  The  expansion  coil  was  reduced  until  its 
dimensions  were  only  about  1/3  those  of  the  ordinary  Hampson  coil. 
This  reduction  in  the  internal  diameter  of  the  tubes  necessitated 
even  more  refined  methods  of  purification  than  had  been  employed 
in  the  hydrogen  cycle.  In  the  design  and  construction  every  pre- 
caution was  taken  to  provide  adequate  insulation.  The  exchangers 
and  connecting  tubes  were  wrapped  with  several  layers  of  flannel 
and  this  in  turn  bound  with  rubber  tape.  The  whole  apparatus  was 
packed  in  clean  wool  and  surrounded  by  a  polished  brass  case — as 
indicated  in  P'ig.  6.  Care  was  taken  to  ensure  that  all  parts  that 
became  cooled  below  —  185°C.  during  the  operation,  did  not  come  in 
contact  with  the  air. 

(2)  The  Helium  and  its  Purification. — -The  Helium  was  obtained 
by  Professor  McLennan  from  the  natural  gas  of  the  Bow  Island 
district  near  Calgary,  Alberta,  in  the  year  1919-20,  and  had  been 
kept  since  then  safely  stored  in  steel  cylinders  at  about  150  atmos- 
pheres pressure.  A  preliminary  analysis  by  means  of  absorption 
with  cocoanut  charcoal  showed  the  gas  to  be  from  90%  to  95% 
Helium.  The  chief  impurity  was  nitrogen  with  varying  percentages 
of  methane  and  other  gases.  Mr.  R.  J.  Lang'  carried  out  a  series 
of  very  careful  analyses  of  the  gas  for  hydrogen  and  was  unable  to 
detect  any  hydrogen  by  means  of  chemical  absorption  methods  or 
explosion  with  oxyhydrogen  gas.  His  apparatus  was  so  arranged  as 
to  detect  .05%  of  hydrogen  in  previously  prepared  mixtures.  He  also 
calibrated  2  Shakespear  katharometers-  for  use  wnth  helium,  one  for 
low  purity  gas  and  the  other  for  high  percentages  of  helium.  These 
were  calibrated  by  means  of  the  density  balance  and  explosion 
methods. 

The  preliminary  purification  of  the  Helium  was  effected  by  cooling 
it,  at  a  pressure  of  150  atmospheres,  to  —  205°C.  by  means  of  liquid 
air,  boiling  at  reduced  pressure.  Under  these  conditions  a  large 
percentage   of   the   impurity  was   condensed    and    drawn    off.     The 

^Lang,  Trans.  Roy.  Soc.  of  Canada,  1923. 
^Murray,  Trans.  Roy.  Soc.  of  Canada,  1919. 
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remainder  of  the  impurity,  other  than  hydrogen,  was  then  absorbed 
by  cocoanut  charcoal  at  the  temperature  of  Hquid  air. 

Fig.  5  represents  schematically  the  cycle  for  the  purification. 
The  gas  was  led  from  the  cylinders  through  the  corresponding  valves, 
these  were  immersed  in  water  for  the  detection  of  leakage,  and  entered 
the  outside  tube  of  the  Linde  regenerator  coil  at  P.  As  the  gas  was 
cooled  to  —  205°C.  in  the  spiral  coil  R  immersed  in  liquid  air  boiling 
under  reduced  pressure,  a  large  percentage  of  the  impurity  was 
condensed  in  the  trap  T  and  drawn  off  by  means  of  the  micrometer 
valve  Ai.  An  analysis  by  the  katharometer  marked  L.P.  served  to 
determine  the  quantity  that  should  be  drawn  off.  The  helium  was 
passed  through  the  reducing  valve  A  \^  to  six  charcoal  tubes  CLP, 
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Fig.  5 


cooled  by  means  of  liquid  air,  and  then  to  the  helium  gasometer. 
The  level  of  the  liquid  air  was  shown  by  the  indicator  .So  attached  to 
the  cork  fioat  .Bi.  The  valve  Mi  controlled  the  supply  of  liquid  air 
that  was  drawn  over  into  the  apparatus  from  the  store  containers. 
In  the  construction  of  the  apparatus,  care  was  taken  to  reduce  its 
size  to  a  minimum,  so  that  the  consumption  of  liquid  air  would  not 
be  great,  even  though  the  process  of  purification  was  necessarily  a 
discontinuous  one.  The  impure  helium  given  ofT  by  the  charcoal, 
when  heated,  and  that  from  the  exhaustion  of  the  conduits  was 
carefully  collected  and  the  impurity  separated  out  by  condensation 
with  liquid  air  as  described  above. 
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The  Helium  from  the  gasometer  was  compressed  by  the  modified 
Whitehead  compressor,  described  in  Communication  II,  Section  II. 
At  liikjh  pressure  the  gas  was  passed  through  the  bomb  R  filled  with 
C'uO  and  palladiumised  asbestos  and  maintained  at  400°C.  Thus  any 
traces  of  ludrogen  that  m.iy  have  contaminated  the  gas  in  any  way 
were  made  to  combine  with  oxygen,  the  water  produced  being  carried 
over  ant!  condensed  in  /•'.  i'"inally  the  gas  was  passed  at  high  pressure 
over  the  cocoanut  charcoal  tube  C.H.P.  and  then  delivered  to  the 
licjuefier  or  stored  in  the  cylinders.  This  cycle  for  purification  proved 
to  be  an  excellent  one,  since  there  was  no  evidence  at  any  time  of 
any  blocking  of  the  expansion  valve  or  of  the  very  small  capillary 
tubes  that  make  up  the  expansion  coil  in  the  liquefier. 

{',\)  The  Ildiitm  Liquefier. — -In  the  design  and  construction  of  the 
helium  liquefier,  special  attention  was  given  to  the  problems  of  heat 
insulation  and  heat  capacity.  The  principle  of  the  apparatus  has 
been  explained  in  section  (1).  The  helium  was  pre-cooled  with 
litiuid  air  and  later  liquid  hydrogen  boiling  at  a  pressure  of  6  cms.  of 
mercury.  At  this  temperature  the  Joule-Thomson  effect  was 
sufficient,  in  conjunction  with  the  application  of  regenerative  cooling, 
to  condense  the  helium  to  a  liquid.  The  apparatus  is  represented 
diagrammatically  in  Fig.  6  and  Plate  I  "b"  is  a  photograph  of  it  as  it 
was  installed  in  the  laboratory.  The  gas  from  the  compressor  entered 
as  indicated  in  the  figure.  It  passed  successively  through  the  coils 
D1D2  and  DzDi  arranged  in  parallel.  It  then  entered  Pi  and  P2  also 
in  parallel  and  afterwards  passed  successively  through  Pz  Pi  and  P5. 
D^Di,  Pi  and  P3  were  cooled  by  the  cold  hydrogen  vapour  as  it  was 
drawn  olT  by  the  hydrogen  vacuum  pump.  Di,  D^,  P2  and  P3  were 
cooled  by  the  expanded  helium  from  the  expansion  valve,  as  it  passed 
to  the  gasometer.  Di  served  for  the  final  pre-cooling,  and  was 
surrounded  by  liquid  hydrogen  boiling  under  a  pressure  of  6  cms.  of 
mercury.  The  dimensions  of  these  exchangers  were  chosen  so  that 
a  very  even  and  efficient  interchange  of  temperature  was  assured. 
This  was  demonstrated  by  the  fact  that  the  outgoing  expanded  helium 
gas  and  also  the  evaporated  hydrogen  both  remained  very  close 
to  the  room  temperature  throughout  the  operation.  T  was  a  trap 
whereby  the  gas  was  freed  from  the  last  traces  of  oil  or  water  vapour. 
By  and  B2  were  bombs  containing  charcoal.  These  were  cooled  with 
liquid  air  during  the  operation,  and  absorbed  any  gaseous  contamina- 
tion introduced  during  the  operation  of  the  cycle.  The  level  of  the 
liquid  hydrogen  in  the  refrigerator  was  determined  by  means  of  copper 
constantan  thermocouples,  or  alternatively  by  helium  thermometers 
with  reservoirs  at  M  and  M2  and  connected  with  a  mercury  mano- 
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meter  by  the  steel  tubes  at  G2.  The  liquid  hydrogen  from  the  large 
metal  containers  was  first  transferred  to  the  unsilvered  flask  F.  This 
flask  was  protected  by  an  outer  silvered  flask  F2  containing  liquid  air. 
F-i  had  two  unsilvered  vertical  observation  strips  on  either  side,  so 
that  the  level  of  the  liquid  hydrogen  in  Fi  could  be  seen  directly. 
The  valve  Ci  controlled  the  intake  of  the  liquid  hydrogen  from  Fi 
to  the  refrigerator.  The  valve  C2,  with  its  corresponding  spindle, 
controlled  the  expansion  nozzle  at  the  bottom  of  the  coil  P5.  The 
efficiency  of  the  regeneration  of  the  expansion-coil  P-o  was  assured  by 
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Fig.  6 


fitting  closely  over  it  a  very  thin  German  silver  envelope  and  soldering 
it  at  X  to  the  bottom  of  the  German  silver  container  for  liquid  hydro- 
gen. The  expanded  helium  was  thus  forced  to  go  through  the  inter- 
stices of  the  expansion  coil  in  order  to  enter  the  holes  at  H  in  the  tube 
surrounding  the  expansion  valve  spindle.  The  temperature  of  the 
region  beneath  the  expansion  valv^e  was  determined  by  a  helium  gas 
thermometer  connected  with  a  German  silver  reservoir  at  Mz  and  a 
steel   capillary   Gi.     The   protecting   flask   F3  was   provided  with   a 
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specially  designed  siphon  tube  P.  This  tube  was  double-walled  and 
protected  by  silvered  walls  and  an  inter\ening  vacuum  in  the  same 
manner  as  a  Dewar  flask.  The  flask  F\  could  be  made  either  totally 
siUered  or  partially  silvered  with  a  plain  portion  at  the  bottom.  In 
the  latter  case,  it  was  protected  by  a  plain  vacuum  flask  containing 
liquid  hydrogen  and  this,  in  turn,  by  a  plain  vacuum  flask  containing 
liquid  air. 

{d)   The  Experimenls 

Many  unfortunate  delays  were  experienced  during  the  assem- 
bling and  testing  of  the  apparatus.  Finally,  on  January  9th, 
100  litres  of  liquid  air  were  prepared.  The  following  day  thirty 
litres  of  liquid  hydrogen  were  made  and  stored  in  2  large  copper 
containers,  as  described  in  (a).  The  various  flasks  for  the  Helium 
liquefier  were  then  \ery  carefully  cooled  with  cold  gaseous  air 
and  finally  with  liquid  air.  The  apparatus  and  conduit  pipes 
were  all  filled  with  pure  helium.  The  helium  was  then  circulated 
through  the  liquefier  and  at  the  same  time  the  bombs  .5]  were  kept 
immersed  in  liquid  air.  This  was  continued  until  the  thermocouples 
in  the  hydrogen  refrigerator  indicated  a  temperature  of  —  185°C. 
The  pressure  of  the  helium  was  then  raised  to  100  atmospheres  and 
the  refrigerator  surrounding  the  coil  P4  filled  with  liquid  hydrogen. 
The  helium  thermometer  indicated  for  some  time  a  gradually  falling 
temperature  at  the  expansion  valve.  Finally  the  mercury  gauge 
attached  to  the  helium  thermometers  indicated  that  a  steady  tempera- 
ture —  269°C.  was  reached  and  after  a  few  minutes,  as  the  pressure 
at  the  expansion  valve  was  lowered,  the  liquid  helium  could  be  seen 
collecting  in  the  bottom  of  the  flask.  The  operation  was  carried  on 
until  the  supply  of  liquid  hydrogen  was  exhausted  and  in  all  over  a 
litre  of  liquid  helium  was  obtained.  Two  weeks  later  a  second  success- 
ful liquefaction  was  demonstrated  to  a  public  audience.  At  this 
second  time  not  more  than  10  litres  of  liquid  hydrogen  were  used  to 
produce  a  litre  of  the  liquid  helium.  The  liquid  helium  remained 
steady  for  an  hour  during  the  demonstration. 

The  meniscus  of  the  liquid  helium  was  observed  to  be  quite 
clear  and  distinct.  The  fluctuations  due  to  expansion  of  the  gas  at 
the  nozzle  were  clearly  visible  at  the  surface  of  the  liquid.  The  liquid 
was  colourless,  much  like  liquid  hydrogen,  but  the  meniscus  was 
entirely  different  from  that  of  hydrogen.  There  was  very  little 
ebullition  when  the  unsilvered  flask  was  protected  by  means  of  liquid 
air  only,  and  the  surface  remained  quite  smooth  and  undisturbed  when 
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a  protection  of  liquid  hydrogen  was  provided.  Samples  of  the  gas 
evaporating  from  the  liquid  were  collected  and  an  analysis  showed 
no  traces  of  hydrogen.  The  purity  of  the  helium  was.  however, 
beyond  doubt  as  the  liquid  was  perfectly  clear  and  the  expansion  \;il\(' 
worked  quite  freely  throughout  the  entire  operation. 

Summary 

The  cryogenic  laboratory  at  the  University  of  Toronto  is  now 
equipped  and  has  in  operation  all  the  essential  apparatus  for  the 
liquefaction  of  air,  hydrogen  and  helium.  This  equipment  has  been 
fully  described  in  the  three  Communications  upon  the  subject.  By 
means  of  a  suitable  cryostat  it  will  now  be  possible  to  produce  and 
maintain  for  several  hours  any  temperature  in  this  region  from  0°C. 
to  — 270°C.  When  liquid  helium  is  used  in  conjunction  with  the 
liquid  cryostat  temperatures  between  —  269°C.  and  —  272°C.  may  be 
maintained,  and,  in  conjunction  with  the  helium  vapour  cryostat, 
temperatures  from  —  259°C.  to  —  269°C.  may  be  obtained.  The 
importance  of  the  work  is  emphasized  when  it  is  realized  what  a 
large  field  for  low  temperature  research  is  opened  up  by  the  filling  in 
of  this  temperature  gap  — 259°C.  — 272°C. 
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indebtedness  to  Professor  Kammerlingh  Onnes  of  Leiden,  Holland, 
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